Abstract The discovery of new autosomal dominant and susceptibility genes for Alzheimer's disease (AD) and frontotemporal degeneration (FTD) is revealing important new information about the neurodegenerative process and the risk for acquiring these diseases. It is becoming increasingly clear that both the mechanisms that drive these diseases and their phenotypes overlap. New technologies will assist access to genetic testing but may increase difficulty with genetic test interpretation. Thus, the process of genetic counseling and testing for these diseases is becoming more complex. This article will review current knowledge on the genetics of AD and FTD and suggest clinical guidelines for helping families to navigate through these complexities. The implications of future discoveries will be offered.
Introduction
Genetic testing for Alzheimer's disease (AD) and frontotemporal degeneration (FTD) is changing rapidly, because of both new technology and the discovery of new genes. This article will discuss the present state of testing, acknowledging that guidelines will change as soon as the cost of genetic testing decreases with advancing technologies and/ or new therapies are discovered. Because there are multiple genes for each disease and symptoms of AD and FTD often overlap, current genetic testing can be extensive and expensive. The future of genetic testing for dementia with nextgeneration sequencing may involve "dementia genetic testing panels" that examine regions of all pertinent genes. Even this technology has limitations and will miss certain mutations, particularly in those genes that have intronic or copy number variations. In this review, current criteria and protocols for clinical genetic testing and genetic research will be discussed, and suggestions will be offered about future directions ( Table 1 ).
The Genetics of Alzheimer's Disease
Early-Onset Familial Alzheimer's Disease AD is the most common dementia, and up to 80 % of the disease is believed to have some genetic etiology [1] . However, only 1 %-5 % of the disease follows an autosomal dominant inheritance pattern [2, 3] . The presenilin 1 and 2 (PSEN1, PSEN2) and the amyloid precursor protein (APP) genes account for about 80 % of these cases of early-onset familial AD (EOFAD) [4] . Any other autosomal genes remain undiscovered. Although most autosomal dominant cases have onset under the age of 65, late-onset cases are also found in these families [5] .
Mutations in PSEN1 on chromosome 14 account for at least 50 % of EOFAD. Mutations in APP on chromosome 21 account for another 10 %-15 %, and mutations in PSEN2 on chromosome 1 are very rare, except in families of Volga German origin [6] [7] [8] [9] [10] . In addition to single-base changes, duplications in APP and a deletion in PSEN 2 have been reported [11, 12] . Inter-and intra-familial phenotypic variations are common for all these genes, including age of onset and symptomatology. Seizures are more common in these autosomal dominant cases, and disease duration is usually shorter [11] . All three genes are highly penetrant, although several carriers of PSEN2 mutations have lived into their 80s without symptoms and have died of other causes [11] .
In addition to mutations in these three genes, mutations in genes responsible for autosomal dominant frontotemporal degeneration (MAPT, PGRN, C2ORF72) and familial prion disease (PRNP) have been found in families that were clinically diagnosed with AD [13-19, 20•, 21, 22] . When genetic testing of the autosomal dominant AD genes does not reveal a mutation, testing for MAPT, PGRN, C9ORF72, and PRNP should be considered.
Late-Onset Alzheimer's Disease
A much larger percentage of AD is due to risk factor or susceptibility genes. The apolipoprotein E gene (APOE) is associated with the greatest risk of developing the disease, accounting for 20 %-29 % of late-onset AD risk [23] [24] [25] . APOE has three different allelic forms, e2, e3, and e4, which lead to six possible genotypes: APOE 2ε/ε2, ε2/ε3, ε2/ε4, ε3/ε3, ε3/ε4, and ε4/ε4. Individuals with the APOE 3/4 genotype have approximately a 2-to 3-fold lifetime risk of developing AD over the background risk, which is about 10.4 % [26] , whereas those with APOE ε4/ε4 have up to a 15-fold risk [27] . Risk is higher in women than in men [28] . Research indicates that APOE 4 lowers the age of onset and increases the rate of decline [29] [30] [31] . Approximately 41 % of individuals with AD have an APOE 3/4, as compared with about 21 % of normal controls, and about 13 % of AD cases have APOE 4/4, as compared with less than 1 % of normal controls [32] . Additionally, up to 50 % of people with a single APOE ε4 never develop AD [2] . Thus, although APOE ε4 increases the risk of AD, it is neither sufficient nor necessary for developing AD. Many guidelines have been written concerning the use of APOE genetic testing. None of these encourage APOE genetic testing for either diagnostic or predictive testing [33••, 34-36] . Importantly, with or without knowing APOE status, having a parent with AD confers a lifetime risk of about 2.5 times that of not having a parent with the disease [26, 37] . Having more relatives with AD may further increase the risk [38] .
Genome-Wide Association Studies and Other Risk Genes
Genome-wide association studies (GWAS) have detected more than 40 risk alleles for late-onset AD. All of these studies indicate that APOE confers substantially more risk than does any other locus. Replicated results indicate that PICALM (the phospatidylinositol binding clathrin assembly protein gene), CLU (the clusterin gene), and CR1 (the complement component [3b/4b] receptor 1 gene) are associated with increased AD risk in people of European ancestry [39••, 40] . Other loci that have been replicated in studies include SORL1, BIN1, To further elucidate late-onset risk, several GWAS studies are pursuing the endophenotypes of AD, including age of onset, psychosis, and specific cognitive profiles. It is clear that such features of AD are influenced by genetic and, probably, epigenetic factors [45, 46] .
Although the identification of susceptibility (risk) loci is essential to the understanding of disease mechanisms and to drug development, the individual small effect on risk is of little clinical use either for assisting diagnosis or in the prediction of disease [40, 47] . Additionally, it is estimated that as many as 300 loci may eventually be implicated in AD risk, as well as environmental or epigenetic factors.
Genetic Counseling and Testing for AD and Other Dementias
Genetic testing for dementia is not straightforward. Not only are multiple genes involved, but also the cost and the impact on family members must be considered. At the present time in the United States, CLIA certified testing of the three autosomal dominant genes that cause AD is available only through Athena Diagnostics. Both individual gene sequencing and a panel are available but remain very expensive. Often, insurance will not cover diagnostic testing and will almost never cover predictive testing. Additionally, the impact on insurance should be discussed. The 2008 Genetic Information Nondiscrimination Act (GINA) protects against health insurance and employment discrimination, but not long-term care or life insurance [48] . Thus, asymptomatic individuals should consider getting long-term care and/or life insurance before they undergo testing. Testing strategies must be designed with family consultation.
Deciding whether genetic testing is appropriate can also be complicated and should always include informed consent. The following issues should be considered: Testing of an Affected Individual for AD Autosomal Dominant Genes (Fig. 1) Prior to considering genetic testing for one of the autosomal dominant genes, a detailed three-generational family history should be taken. Without evidence of autosomal dominant inheritance, finding a mutation in PSEN 1, PSEN 2, or APP is highly unlikely. However, a negative family history could be caused by loss of contact with family, relatives dying at an early age before they would have shown symptoms, or nonpaternity. If the patient has early-onset AD (younger than 60 years of age) and the family wishes to know more about genetic risk, testing might still be appropriate.
Although a positive autosomal dominant genetic test confirms a diagnosis of AD in an affected individual, genetic testing is rarely performed for diagnostic purposes. Likewise, negative testing will not negate the clinical diagnosis. APOE testing will not confirm diagnosis or give significant information about a relative's risk. Also, genetic testing will not change treatment, although it may allow drug trial eligibility. Therefore, there are two main reasons for genetic testing of a patient with AD: (1) to inform the family of a genetic cause and (2) to become a candidate for a research study.
Diagnostic genetic testing should not be performed without genetic counseling for the patient and at least one family member. The presence of another family member is important, since informed consent is required for genetic testing. Genetic information is confusing and may not be fully understood by someone diagnosed with dementia. The implications of a positive test should be discussed, as well as how these results will be communicated to other family members. Patients and their families should understand that multiple possible results may be revealed: a definitive mutation in one of the genes, no mutation in any of the genes, a variant of unknown significance, or even mutations or variants in several genes. Literature review, functional studies, or specific modeling software may help predict whether a variant is benign, but the best evidence would come from seeing whether the variant segregates with the disease within the family. Such segregation studies are usually difficult because of prior deaths or family situations. Even a negative result does not entirely rule out an autosomal dominant cause, since other genes may exist.
Predictive Testing (Fig. 1 ) Predictive testing for an autosomal dominant gene is a highly personal decision that demands extensive counseling. The majority of at-risk individuals do not initiate counseling and testing. Even those people who think that they want testing often change their minds after counseling. Thus, those who elect to proceed generally cope well with the results [49] . It should be noted that in accordance with all existing guidelines, predictive testing should not be performed on children [50, 51] .
Because of genetic heterogeneity, a mutation should be identified in the family before predictive testing is offered. Only when there is a known family mutation will a negative result be informative. When there is a known mutation in the family, all guidelines suggest that the at-risk person should seek counseling from a genetic testing center familiar with the multistep, multidisciplinary predictive testing protocol recommended for Huntington disease [33••] . This protocol usually requires several counseling sessions and baseline neurological and psychological evaluation prior to testing, as well as in-person posttest counseling in the presence of a support person. Genetic counseling considers the benefits, risks, and limitations of testing, the effect on other family members and relationships, whether and how to communicate results, and implications for insurance. As was indicated above, most people are well-prepared for a positive result and cope sufficiently well.
Because of its low sensitivity and clinical utility, APOE testing is not recommended for predictive purposes [33••, 34, 52] . However, media attention and the availability of direct-to-consumer (DTC) testing have caused an increase in demand for APOE testing. In carefully designed research settings, the Risk Evaluation and Education for Alzheimer's Disease Study (REVEAL) has demonstrated that there are few adverse emotional effects from learning one's APOE status [53, 54, 55•] . In fact, these studies also demonstrated that people were motivated to find out their genetic status in order to plan for insurance and make lifestyle changes. However, the major lifestyle change that occurred after learning APOE status was adding vitamins and dietary supplements. Without any medical advice or proven benefit, this behavior is questionable. Additionally, the acquisition of long-term care insurance was more common among those participants who learned that they were APOE ε4 positive [55•] . However, this finding was part of a research study. Usually people are encouraged to buy insurance before, not Fig. 1 Protocol for exploratory genetic testing for autosomal dominant AD and predictive genetic testing: the sequence of steps for a symptomatic patient considering genetic testing for autosomal dominant dementia followed by predictive counseling after the identification of a mutation in a family member after, genetic testing to avoid any discrimination. The acquisition of long-term care insurance is a practical application of this testing; however, if one has a family history of AD, the lack of an e4 allele does not significantly change one's risk status and should not be used as a disincentive to purchasing long-term care insurance. In reality, testing APOE is neither wrong nor right. In certain situations, a patient may be more motivated to alter lifestyle in order to lower modifiable risk factors such as those for cardiovascular (CV) risk [56] . Since CV risk factors are particularly precarious in people carrying APOE ε4, testing might give these patients the impetus they need to change their lifestyle [57] . Since CV risk factors such as hypertension, hypercholesterolemia, and diabetes are associated with increased AD risk, even APOE ε4 negative patients should be living a heart-healthy lifestyle.
Clinicians should also be aware that APOE testing is available DTC, and patients may confront their doctors with a laundry list of risk factors, including APOE. Some patients may have little idea of what their results mean and will need interpretation from their physicians.
Prenatal testing and preimplantation genetic diagnosis reproductive options are one of the most common reasons that people at risk for AD present to a genetic counselor. The parent-to-be may wish to ensure that the causal gene not be passed on to offspring. In this situation, preimplantation genetic diagnosis (PGD) may be performed. Prenatal testing is not advised. Since pregnancy termination cannot be ensured, testing a fetus would be similar to testing a child. Before considering testing a fetus or a pregnancy, a causal mutation must be confirmed in the family. Extensive genetic counseling is recommended before PGD. Issues to be discussed in these sessions include not only the specifics about the process, the genetics, and the disease, but also whether the parents want to learn their own genetic status, the expected age of onset for the potentially affected parent, and whether that will affect the ability to parent, whether the unaffected parent will be able to care for the child and affected parent, and how the disease in the affected parent might impact the child [58, 59] .
The Genetics of Frontotemporal Degeneration
Frontotemporal degeneration (previously known as frontotemporal dementia) is a group of neurodegenerative diseases that typically present with personality and behavioral changes (behavioral variant frontotemporal dementia [bv FTD]) or language difficulty (primary progressive aphasia [PPA] ). Although FTD is among the most common presenile dementias, the range of onset is quite wide (30s-80s years of age). New criteria for bvFTD have recently been published and include disinhibition, apathy, loss of empathy, perseverative/compulsive behaviors, hyperorality, and executive dysfunction [60••] . The FTD-associated PPA syndromes include nonfluent progressive aphasia and semantic dementia [61, 62] . Corticobasal degeneration (CBD) and progressive supranuclear palsy (PSP) are closely related diseases. Patients with FTD may also develop ALS and/or parkinsonism [63] .
The understanding of the pathogenesis of FTD has changed dramatically over the last 10 years, with the newest FTD gene being uncovered just a few months ago. Unlike AD, FTD is actually a group of diseases, each with its unique pathology. Approximately 40 % of FTD is a tauopathy, as is AD. However, whereas, in AD, equal amounts of 3R and 4R tau are abnormally hyperphosphorylated, in FTD, the tau ratio is shifted to 3R tau in Pick's disease or 4R tau in CBD and PSP. Mutations in the microtubule-associated protein tau gene (MAPT) can cause any of the tau pathologies [64] . FTD with tau-positive pathology is now referred to as FTLD-tau.
The most common FTD pathology, occurring in 50 % of cases, is an accumulation of the TAR DNA binding protein 43 (TDP-43). Such cases are now referred to as FTLD-TDP-43. In addition to sporadic cases, this pathology is found in individuals with mutations in the progranulin gene (PGRN), the valosin-containing protein (VCP), the TDP-43 gene (TARDP), and the new C9ORF72 gene. A third pathology found in about 10 % of cases has an accumulation of the fused in sarcoma protein (FUS). This pathology is now FTLD-FUS [64] . Mutations in the FUS gene may be a very rare cause of FTD and have been reported as a cause of familial ALS [65] . Even with FTLD-FUS pathology, mutations in this gene are unlikely to be found [66•, 67•] . Finally, there are very rare genetic forms of FTD with CHMP2B mutations that display tau-negative, TDP-4-negative, FUSnegative, and ubiquitin positive pathology, FTLD-U [67•].
Although a positive family history of neurological disease is found in up to 50 % of FTD cases, only about 10 %-25 % display an autosomal dominant pattern [68] [69] [70] . As was seen above, FTD is genetically heterogeneous, with at least seven genes being associated with autosomal dominant cases. Of the autosomal dominant genes, MAPT and PGRN each account for about 7 % of all cases and up to 25 % of autosomal dominant cases, depending on the study population (countries such as Sweden, with founder mutations, may have larger percentages of particular genetic cases). PGRN is also responsible for about 3 % of sporadic FTD. A significant number of FTD cases have some family history but do not meet the criteria for autosomal dominant inheritance. This is similar to the family clustering that is found in AD. The most likely explanation is the presence of susceptibility genes similar to APOE. Several FTD GWAS and association studies have uncovered potential susceptibility loci. However, since results have not been replicated, no conclusions can be drawn at this time [73] [74] [75] .
Genetic Testing for FTD
As with genetic testing for Alzheimer's disease, FTD genetic testing is expensive and complicated. For that reason, an algorithm was developed for sequential genetic testing [76•] . Genetic testing for FTD is greatly facilitated by having a pathological diagnosis on an affected family member. An autopsy will guide genetic testing by eliminating the need to test certain genes (e.g., knowing that a relative had FTLD-TDP-43 would eliminate MAPT). However, autopsy information is not usually available. Thus, the sequence of genetic tests for symptomatic patients usually depends on the clinical symptoms and family history.
The first step in determining the order for genetic testing for FTD is to take a detailed family history. The C9ORF72 gene is most consistent with an autosomal dominant family history of FTD and ALS. The most common presenting symptom is bvFTD. Psychosis as an early symptom appears to be more frequent with the C9ORF72 expansion than with mutations in other genes. Additionally memory loss and anxiety are common [ Autosomal family histories without ALS are likely due to mutations in either PGRN or MAPT, with PNFA and impaired memory more commonly found with PGRN. Both interfamilial and intrafamilial phenotypic variation is very common in all genetic forms, and there is phenotypic overlap between genes (see [76•, 80, 81] for complete discussions). As with AD, without a known or suspected family history of FTD, testing for autosomal dominant genes is less likely to yield a mutational finding. However, PGRN and C9ORF72 mutations have been found in sporadic cases [71••, 72••, 79] . If the family is motivated to test and has the financial means, testing can proceed. Families should also be encouraged to consider autopsy for definitive diagnosis and guidance for any future genetic testing of brain tissue. Since autopsies can be quite expensive, families may wish to participate in research that might include autopsy.
Predictive Genetic Testing and PGD for FTD As with AD, predictive testing for FTD should occur only after a causal mutation has been found in the family. Genetic testing should be preceded by genetic counseling in accordance with the Huntington disease protocol, which is described in the AD predictive testing section of this article. Preimplantation genetic diagnosis can be performed in light of a known mutation in one of the FTD genes.
Future Directions for Genetic Testing of Dementia
With the advent of next generation sequencing, concurrent genetic testing of many genes should be faster and less expensive. This technology will provide panels for testing many dementia genes. With advancing technology comes greater complexity in the interpretation of genetic results. Although a genetic diagnosis may be quicker using this technique, it will vastly increase the number of variants of unknown significance and, therefore, possible confusion for doctors and their patients. Patients will have to be informed about this possibility. Additionally, genetic counseling will have to entail a discussion of all the genes being tested. Each gene could potentially have differences in penetrance and expression and, thus, cannot be grouped together.
A second factor that will change future genetic testing will be drug discovery. Once interventions or even drug trials are available, the reason to pursue predictive testing of autosomal dominant genes will change, especially for people at risk. However, for the vast majority of people whose overall risk will be dependent on multiple genetic, epigenetic, and environmental factors, we are still a long way from determining who will develop AD or FTD. A future genetic risk panel may determine overall risk, but not whether the person is developing the disease. Other biomarkers, such as cerebrospinal fluid Amyloid β/Tau levels, will be more suitable for determining progression to disease.
Conclusions
At present, the majority of autosomal dominant genes responsible for familial AD and FTD have been uncovered. As can be seen from current GWAS studies, many other genes will be found that contribute to the overall risk of developing these diseases. Additionally, epigenetic and environmental factors are yet to be revealed. Thus, much remains unknown about how these additional factors influence the variations in phenotypes seen even within autosomal dominant families. Genetic testing of the autosomal dominant genes can predict whether one will develop AD or FTD, but not when or how symptoms will present. In fact, as can be seen in recent studies, AD and FTD phenotypes can overlap. Navigating the complexities of AD and FTD genetics demands a thorough understanding not only of the genes being tested, but also of the implications of testing for the patient and the family. As technologies change, genetic testing will become more accessible but harder to interpret. Thus, genetic counseling, which is essential now before and after testing, will become even more so in the future (Fig. 1) .
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